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Certain 2,4-diacetylphloroglucinol-producing strains of Pseudomonas fluorescens colonize roots and suppress
soilborne diseases more effectively than others from which they are otherwise phenotypically almost indistin-
guishable. We recovered DNA fragments present in the superior colonizer P. fluorescens Q8r1-96 but not in the
less rhizosphere-competent strain Q2-87. Of the open reading frames in 32 independent Q8r1-96-specific
clones, 1 was similar to colicin M from Escherichia coli, 3 resembled known regulatory proteins, and 28 had no
significant match with sequences of known function. Seven clones hybridized preferentially to DNA from
strains with superior rhizosphere competence, and sequences in two others were highly expressed in vitro and
in the rhizosphere.

Fluorescent Pseudomonas spp. that produce antifungal me-
tabolites have been studied extensively as potential biocontrol
agents of soilborne plant pathogens causing yield-limiting dis-
eases of food, fiber, and ornamental crops (5, 29, 35, 36).
Strains that synthesize the antifungal metabolite 2,4-di-
acetylphloroglucinol (2,4-DAPG) are of particular interest be-
cause they suppress a wide variety of diseases, including take-
all of wheat caused by Gaeumannomyces graminis var. tritici
(10, 21), black root rot of tobacco caused by Thielaviopsis
basicola (12, 34), damping-off of sugar beet caused by Pythium
ultimum (8), and Fusarium crown and root rot of tomato
caused by Fusarium oxysporum f. sp. lysopersici (7). 2,4-DAPG-
producing fluorescent Pseudomonas spp. also play a major role
in the development of the natural biological control of take-all
disease of wheat and barley known as take-all decline (TAD)
(22), which develops in soils worldwide during extended mo-
noculture of wheat or barley (4) following a severe outbreak of
the disease. Root colonization is the first critical step in the
biological control of take-all and other diseases because intro-
duced or indigenous agents must establish and maintain
threshold population densities if they are to be effective.

Two distinct groups of 2,4-DAPG producers have been iden-
tified, one of which also produces pyoluteorin (11, 18, 19, 25).
Fine-structure genetic analyses of over 300 isolates of world-
wide origin from European and U.S. collections have further
distinguished 17 distinct genotypes of 2,4-DAPG producers
(11, 14, 18, 19). Representatives of genotype D, as distin-
guished by repetitive sequence-based PCR with the BOXA1R
primer (BOX-PCR) (19), predominated among isolates from
roots of wheat and pea grown in soils from multiple locations
throughout the United States that had experienced long-term
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FIG. 1. Distribution of 90 randomly picked clones from the sub-
tracted library in the genomes of the tester and driver strains. Plasmids
were transferred to nylon filters with a dot blot manifold and hybrid-
ized with biotin-labeled genomic DNA from P. fluorescens Q8r1-96
(A) or Q2-87 (B). pGEM-T Easy with the phlD gene from strain Q2-87
(H8) and empty pGEM-T Easy cloning vector (H9) were used as
positive and negative controls, respectively. Subsequent analysis re-
vealed that clones B7 and B10 contained empty vector.
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monoculture of wheat or pea (14, 19, 23). For example, D-
genotype isolates comprised over 50% of the 2,4-DAPG pro-
ducers isolated from wheat grown for multiple, successive cy-
cles in TAD soils from Quincy, Moses Lake, and Lind, Wash.
(23). In both greenhouse and field studies, P. fluorescens Q8r1-
96, a D-genotype strain from the Quincy TAD soil, duplicated
the suppressiveness of TAD when added to conducive soils at
very low doses compared to strains of other genotypes (23).
Q8r1-96 and all other D-genotype isolates tested to date dis-
play an unusually high level of rhizosphere competence when
applied at very low doses (14, 23; B. B. McSpadden-Gardener
and D. M. Weller, unpublished data). During a cycling exper-
iment that lasted 8 months, introduced strain Q8r1-96 main-
tained population densities on wheat roots that were 10- to
1,000-fold greater than those maintained by strains Q2-87 and
1 M1-96, which are examples of B- and L-genotype strains,
respectively, that are also found in monoculture wheat and pea
soils. The substantial difference in rhizosphere competence
among these strains was unexpected because of the absence of
significant phenotypic differences among them. All three be-
long to biotype II and are nearly identical by fatty-methyl-ester
analysis, substrate utilization profiles, and classical bacteriolog-
ical tests (19, 23).

Genomic subtraction is among the best methods currently
available for exploring structural differences between the ge-

nomes of closely related bacteria (13, 33), including fluorescent
pseudomonads (28, 37). Here we describe the application of
genomic suppressive subtractive hybridization (SSH) (1) as
one approach to identifying genes that contribute to the ex-
ceptional rhizosphere competence of D-genotype strains.
DNA sequences present in the superior root colonizer P. fluo-
rescens Q8r1-96 but not in the less rhizosphere-competent
strain Q2-87 were cloned, their sequences determined and
analyzed, and their expression in the rhizosphere and distribu-
tion among 29 other 2,4-DAPG-producing strains representa-
tive of 17 different genotypes were assessed. Several subtracted
fragments distributed primarily among isolates of the D geno-
type or expressed in the rhizosphere were identified as candi-
dates for further analysis.

SSH and DNA sequence analysis. DNA fragments present in
P. fluorescens Q8r1-96 (the tester strain) but not in P. fluores-
cens Q2-87 (the driver strain) were isolated by using a PCR-
Select bacterial genome subtraction kit (Clontech Laborato-
ries, Inc., Palo Alto, Calif.). Cultures of each Pseudomonas
strain were grown at 28°C in Luria-Bertani (LB) broth as
described previously (17). Total DNA was isolated and purified
by using a cetyltrimethylammonium bromide procedure (2),
digested with RsaI, and hybridized and annealed at 63°C. The
pool of subtracted fragments was amplified with the Advantage
2 PCR enzyme mix (Clontech Laboratories, Inc.), cloned into

TABLE 1. Sequence analysis of Q8r1-96-specific loci

SSH clone Insert size (bp) Similar protein (accession no.), organism, and BLASTX E valuea Predicted function or property

3 1,479 Sll1503 (S74977), Synechocystis sp. PCC6803, 7e�10 Hypothetical protein
5 933 None detected
6 549 Colicin M (P05820), E. coli plasmid ColBM-Cl139, 1e�16 Colicin M activity peptide
8 353 None detected
12 533 None detected
13 1,296 None detected
18 725 Clostridium acetobutylicum unfinished genome, 7e�11 Hypothetical protein
25 1,447 Pasteurella multocida unfinished genome, 5e�18 Hypothetical protein
26 596 None detected
28 213 PA0988 (AAG04377), P. aeruginosa, 3e�22 Hypothetical protein
32 787 None detected
36 660 None detected
41 692 None detected
45 452 P. putida KT2440 unfinished genome, 7e�14 Hypothetical protein
53 312 Rv1507c (P71786), Mycobacterium tuberculosis, 4e�21 Hypothetical protein
58 387 P. putida KT2440 unfinished genome, 6e�45 Hypothetical protein
61 418 P. putida KT2440 unfinished genome, 2e�35; PA3965 (AAG07352),

P. aeruginosa, 1e�08; BkdR (P42179), P. putida, 3e�08; putative
Lrp PA5308 (AE004943), P. aeruginosa, 3e�08

Putative transcriptional regulator

62 791 None detected
64 348 Rv1505c (D70713), M. tuberculosis, 8e�29 Hypothetical protein
66 624 None detected
74 401 None detected
80 828 None detected
81 318 Yersinia pestis unfinished genome, 8e�08 Hypothetical protein
83 462 None detected
85 381 PA1396 (F83470), P. aeruginosa, 2e�08 Probable two-component sensor
93 284 None detected
101 700 PA2461 (B83339), P. aeruginosa, 2e�30 Hypothetical protein
103 517 Yersinia pestis unfinished genome, 8e�17 Hypothetical protein
127 1,078 PA0448 (AE004482), P. aeruginosa, 9e�45; Klebsiella pneumoniae

unfinished genome, 5e�30
Putative transcriptional regulator

132 650 None detected
133 672 None detected
164 506 YeeA (AAB66474), Bacillus subtilis, 3e�25 Conserved hypothetical protein

a Only expectation values of 1e�05 and below were considered as significant matches during BLAST database searches.
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pGEM-T Easy (Promega Corp., Madison, Wis.), and trans-
formed into Escherichia coli JM109. Standard procedures (2)
were used for all DNA manipulations unless noted otherwise.

Randomly selected clones containing subtracted fragments
were amplified by PCR with nested primers 1 and 2R (Clon-
tech Laboratories, Inc.) and screened by hybridization to iden-
tify those containing tester-specific sequences. The PCR prod-
ucts were purified, arrayed (10 to 15 ng per spot) on duplicate
BrightStar-Plus nylon membranes (Ambion, Inc., Austin, Tex.),
and hybridized (2) with sheared, biotin-labeled (NEN Life
Science Products, Inc., Boston, Mass.) genomic DNA from
either strain Q8r1-96 or strain Q2-87. Hybrids were detected
with the BrightStar detection kit (Ambion). Over 80% of the
180 screened clones contained tester-specific DNA fragments
(Fig. 1) ranging in size from 0.3 to 1.5 kb that were sequenced
in full by using an ABI PRISM dye terminator cycle sequenc-
ing kit (Perkin-Elmer, Norwalk, Conn.). Analysis of the data
with the Genetic Computer Group and OMIGA 2.0 software
packages (Accelrys, Princeton, N.J.) identified 32 DNA se-
quences unique to P. fluorescens Q8r1-96 (Table 1). Only 13
of these were present at least twice among the 180 clones
screened, indicating that the subtracted library represents a
subset of the unique sequences present in Q8r1-96.

Sequence data from the 32 Q8r1-96-specific fragments were

analyzed for similarity to known nucleotide and protein se-
quences, including those in unfinished genomes by using OMI-
GA’s BLAST tool and the PROSITE (EMBL, Heidelberg,
Germany) and ISREC ProfileScan (Swiss Institute for Exper-
imental Cancer Research, Epalinges, Switzerland) probable
domain homology search algorithms. Twelve of the 32 frag-
ments (clones 3, 18, 25, 28, 45, 53, 58, 64, 81, 101, 103, and 164)
resembled conserved bacterial hypothetical open reading
frames (ORFs) of unknown function (Table 1), while 16 others
(clones 5, 8, 12, 13, 26, 32, 36, 41, 62, 66, 74, 80, 83, 93, 132, and
133) had no significant match with known sequences. Clones
61, 85, and 127 resembled putative regulatory genes found in
other Pseudomonas genomes, and clone 6 had significant pro-
tein sequence similarity with E. coli colicin M. It is not surpris-
ing that functions could not be predicted for most of the
fragments recovered because the subtractive hybridization
procedure would have selected against highly conserved se-
quences. In addition, nearly half of the genes from the recently
sequenced Pseudomonas aeruginosa PAO1 genome either re-
sembled genes of unknown function or lacked similarity to
reported sequences (32). The recovery of three putative regu-
latory genes may be related to the fact that PAO1 has the
highest proportion of regulatory genes among the bacterial
genomes sequenced to date (32), and many of these genes

TABLE 2. Detection of tester-specific DNA fragments in 2,4-DAPG-producing Pseudomonas spp. by spot-blot hybridization

SSH clone or
promoter

Bacterial strainsa

Q2-87
(B)

CHA0
(A)

Pf5
(A)

STAD384
(C)

Q2-1
(B)

MVW4-2
(Q)

Q2-2
(E)

Q37-87
(E)

QT1-6
(E)

D27B1
(M)

FFL1R22
(J)

CV1-1
(H)

FTAD1R36
(I)

W4-4
(L)

7MA12
(O)

3 � � � � � � � � � � � � � � �
5 � � � � � � � � � � � � � � �
6 � � � � � � � � � � � � � � �
8 � � � � � � � � � � � � � � �
12 � � � � � � � � � � � � � � �
13 � � � � � � � � � � � � � � �
18 � � � � � � � � � � � � � � �
25 � � � � � � � � � � � � � � �
26 � � � � � � � � � � � � � � �
28 � � � � � � � � � � � � � � �
32 � � � � � � � � � � � � � � �
36 � � � � � � � � � � � � � � �
41 � � � � � � � � � � � � � � �
45 � � � � � � � � � � � � � � �
53 � � � � � � � � � � � � � � �
58 � � � � � � � � � � � � � � �
61 � � � � � � � � � � � � � � �
62 � � � � � � � � � � � � � � �
64 � � � � � � � � � � � � � � �
66 � � � � � � � � � � � � � � �
74 � � � � � � � � � � � � � � �
80 � � � � � � � � � � � � � � �
81 � � � � � � � � � � � � � � �
83 � � � � � � � � � � � � � � �
85 � � � � � � � � � � � � � � �
93 � � � � � � � � � � � � � � �
101 � � � � � � � � � � � � � � �
103 � � � � � � � � � � � � � � �
127 � � � � � � � � � � � � � � �
132 � � � � � � � � � � � � � � �
133 � � � � � � � � � � � � � � �
164 � � � � � � � � � � � � � � �

Similarityc 0.00 0.13 0.13 0.16 0.16 0.16 0.25 0.25 0.25 0.25 0.22 0.25 0.19 0.19 0.19

a Letters in parentheses correspond to BOX-PCR genotypes (18, 19). The majority of tested strains are described in references 18 and 19, except for Q2-87 (10),
CHA0 (34), Pf5 (20), 7MA12 (15), Q128-87 (11), ATCC49054 (31), and Q8r1-96 (23).

b Frequency values correspond to the percentage of test strains containing homologous sequences.
c Similarity to Q8r1-96 was calculated using the simple matching coefficient.
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encode members of two-component signal transduction sys-
tems. Fluorescent Pseudomonas spp. are ubiquitous microor-
ganisms, and they may all require an unusually large number of
regulatory systems in order to survive in diverse ecological
niches, including the rhizosphere.

Sequence analysis of clone 61 predicted a truncated protein
similar to the global response regulator Lrp from E. coli (3). A
putative helix-turn-helix DNA-binding domain (27-AHNDIA
LKVNLSRNAVRLRIERLERDG-49), the asnC bacterial reg-
ulatory protein family signature, was identified in the N-termi-
nal part of the sequence. Among proteins most similar to the
predicted product of clone 61, only BkdR from Pseudomonas
putida has been well-characterized and shown to activate the
expression of genes for the branched-chain keto acid dehydro-
genase multienzyme complex (16). Pathways regulated by Lrp-
like proteins could affect the survival of pseudomonads in the
rhizosphere. For example, amino acid prototrophy is necessary
for tomato root tip colonization (30), and although amino acid
concentrations in tomato root exudate may be inadequate to
support the growth of auxotrophs (30), amino acids are scav-
enged in the rhizosphere and novel genes for amino acid per-
meases, including a putative permease for high-affinity trans-
port of branched-chain amino acids, are induced during
rhizosphere colonization (24). Collectively, these findings sup-
port the hypothesis that the clone 61 product could regulate
the synthesis or utilization of certain amino or keto acids in the
rhizosphere.

The ORFs in clones 85 and 127 encode a putative two-

component sensor kinase similar to the predicted sensor kinase
PA1396 from P. aeruginosa PAO1 and a putative regulator
with similarity to proteins of the LysR family of transcriptional
regulators, respectively. Two-component regulators are among
the most common types of regulatory systems in bacteria (27),
and the P. aeruginosa genome has the greatest proportion of
predicted regulatory genes of all of the bacterial genomes
sequenced to date (32). Another two-component system,
ColR/ColS (6), appears to influence outer membrane perme-
ability and has an important role in root colonization by P.
fluorescens WCS365. The ORF in clone 127 contains the LysR
transcriptional regulator family signature, a putative helix-
turn-helix DNA-binding domain (22-SFARAANELALTEGA
ISRQMGRLESLFLGVT-52), and resembles other proteins of
the LysR family. Most LysR-like proteins are coinducer-de-
pendent transcription activators that regulate diverse target
genes or regulons or function in complex regulatory networks
(27). Regulators of the LysR family are often divergently tran-
scribed from a promoter overlapping a promoter of the target
gene (27), and it is noteworthy that a divergently transcribed
ORF similar to a hypothetical ORF from Klebsiella pneu-
moniae is situated 126 bp upstream of the putative regulatory
gene in clone 127.

Subtracted clone 6 exhibited similarity to colicin M from E.
coli. This pore-forming protein interferes with the biosynthesis
of both peptidoglycan and O antigen by inhibiting the regen-
eration of the bactoprenyl-P carrier lipid, resulting in autolysis
of the cell (9). Bacteriocin production is common among bac-

TABLE 2—Continued

Bacterial strainsa

MVW1-1
(P)

HT5-1
(N)

FFL1R18
(G)

F113
(K)

JMP6
(F)

JMP7
(F)

FTAD1R34
(D)

OC4-1
(D)

FFL1R9
(D)

MVW1-2
(D)

Q2-5
(D)

W2-6
(D)

Q128-87
(D)

ATCC49054
(D)

QT1-5
(D)

Q8r1-96
(D)

Frequency
(%)b

� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.10
� � � � � � � � � � � � � � � � 0.26
� � � � � � � � � � � � � � � � 0.10
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.32
� � � � � � � � � � � � � � � � 0.42
� � � � � � � � � � � � � � � � 0.84
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.32
� � � � � � � � � � � � � � � � 0.94
� � � � � � � � � � � � � � � � 0.29
� � � � � � � � � � � � � � � � 0.23
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.23
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.39
� � � � � � � � � � � � � � � � 0.48
� � � � � � � � � � � � � � � � 0.23
� � � � � � � � � � � � � � � � 0.84
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.06
� � � � � � � � � � � � � � � � 0.55
� � � � � � � � � � � � � � � � 0.06
� � � � � � � � � � � � � � � � 0.68
� � � � � � � � � � � � � � � � 0.58
� � � � � � � � � � � � � � � � 0.35
� � � � � � � � � � � � � � � � 0.26
� � � � � � � � � � � � � � � � 0.42
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.03
� � � � � � � � � � � � � � � � 0.97

0.19 0.22 0.25 0.34 0.38 0.31 0.44 0.38 0.41 0.47 0.47 0.34 0.63 0.59 0.69 1.00
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teria, but the predicted product of clone 6 is distinct from other
bacteriocins produced by fluorescent pseudomonads (31) and
is the first reported example of a Pseudomonas gene with
similarity to colicin M. Based on the ecological role of bacte-
riocins (26), we speculate that the clone 6 product may func-
tion in intraspecific interactions or the competitiveness of
Q8r1-96 in the rhizosphere.

Distribution among genotypes of 2,4-DAPG producers. If
the subtracted fragments from strain Q8r1-96 contribute to its
exceptional rhizosphere competence, then they should be
present among D-genotype strains that share the phenotype
but not among strains of other genotypes. The distribution of
the 32 tester-specific fragments was therefore determined
among 31 2,4-DAPG-producing strains representing 17 dis-
tinct BOX-PCR genotypes (14, 18, 19) and including the tester,

the driver, and nine other D-genotype strains. The fragments
were amplified, arrayed on filters, and hybridized with biotin-
labeled genomic DNA from each of the 31 strains by using the
spot-blot method described above. Hybridization patterns
were analyzed with MULTIV 1.2.1 software (Valerio De Patta
Pillar, Department of Ecology, Universidade Federal do Rio
Grande do Sul, Porto Alegre, RS, Brazil) using a simple
matching coefficient which takes into account the absence as
well as the presence of each of the 32 fragments in each of the
31 strains. Strains were clustered from the resulting similarity
matrix (Table 2) by applying simple linkage, complete linkage,
and sum of squares algorithms. All three algorithms generated
similar groupings, with D-genotype isolates showing the great-
est similarity to the tester strain (data not shown). Among
D-genotype strains, OC4-1 and W2-6 were the least similar to

FIG. 2. Hybridization of genomic DNA from 2,4-DAPG-producing Pseudomonas spp. with subtracted, biotin-labeled DNA fragments. For
Southern blots, 0.5 �g of genomic DNA digested with PstI and EcoRI was separated by electrophoresis, transferred and bound to nylon
membranes, and hybridized with a mixture of subtracted, biotin-labeled DNA fragments. The markers were biotin-labeled EcoRI-HindIII lambda
DNA digests (Sigma-Aldrich Corp.). Variation in the intensity of the hybridization signal is due to the fact that during subtraction, some sequences
are enriched in the subtracted mix because they rehybridize and amplify more efficiently.
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Q8r1-96 (Table 2). However, W2-6 is known to exhibit supe-
rior rhizosphere competence (14), so the Q8r1-96 fragments
with which it hybridized but which are not widely distributed
among representatives of the less rhizosphere competent A, B,
E, and L genotypes (i.e., fragments 6, 13, 18, 53, 64, and 81)
are among those of particular interest. The groupings ob-
tained by cluster analysis were consistent with the results of
Southern hybridization, which showed that DNA from D-
genotype strains hybridized more strongly to a mixture of
subtracted fragments than did DNA from the other geno-
types (Fig. 2).

Gene expression analysis. We determined whether se-
quences contained in the subtracted DNA fragments were
expressed in cells of Q8r1-96 grown overnight in LB broth
or recovered from the rhizosphere of wheat. Seeds (cv.
Penawawa) were surface sterilized (21), allowed to dry, and
germinated in petri dishes on moistened sterile filter paper for
1 week. Cultures of Q8r1-96 were grown overnight in King’s
medium B, collected by centrifugation, washed, and suspended
to 10 times their original volume in M9 broth to obtain ap-
proximately 106 CFU ml�1. Seedlings were dipped into the
bacterial suspension for 5 min and sown in groups of seven in
sterile polypropylene jars containing 30 g of sterile quartz sand
and 6.5 ml of one-fifth-strength Hoagland’s solution. The roots
were covered with another 30 g of moistened sand, and the
containers were incubated under light at 20°C in closed acrylic
boxes for 24 h. The treatment was replicated 10 times, and the
experiment was repeated. After 24 h, seedlings were aseptically

removed from containers and shaken to remove loosely adher-
ing sand. Bacteria were recovered by centrifugation after the
excised roots were briefly sonicated in 4 ml of sterile, cold,
phosphate-buffered saline. Bacterial pellets were suspended
immediately in TRIzol reagent (Invitrogen Corp., Carlsbad,
Calif.) and sonicated on ice, and total RNA was extracted as
recommended by the manufacturer. The same protocol was
used to purify total RNA samples from 109 Q8r1-96 cells
grown overnight in LB broth (referred to in this paper as in
vitro growth conditions). Following the purification, all RNA
samples were treated with RNase-free DNase I (Invitrogen),
extracted again with TRIzol, precipitated, and suspended in
RNase-free H2O. 32P-labeled cDNA probes were prepared
with Superscript II reverse transcriptase (Invitrogen) by prim-
ing 5 �g of total RNA with random decamers as recommended
by the manufacturer. Labeled cDNA was purified with a QIA-
quick nucleotide removal kit (Qiagen Inc., Valencia, Calif.)
and hybridized with membrane filters on which the 32 frag-
ments had been arrayed. Membranes were exposed to X-ray
film, and the radiographs were scanned and analyzed with Lab
Works analysis software (Ultra-Violet Products Ltd., Cam-
bridge, United Kingdom). For each blot, the average volume of
each dot was calculated and hybridization signals were stan-
dardized relative to a control consisting of a phzAB transcript
that had been synthesized in vitro from pT7-6AB (17) with a
reverse transcription-PCR competitor construction kit (Am-
bion) and added to each RNA sample prior to cDNA synthesis.
The relative levels of transcripts were analyzed with STATIS-
TIX 7.0 (Analytical Software, Tallahassee, Fla.) by standard
analysis of variance. Mean comparisons among experiments
were performed by using Fisher’s protected least significant
difference test at a P value of 0.05. On each membrane filter,
all SSH clones were replicated twice and the experiment was
repeated. The results revealed that fragments contained in
tester clones 7, 80, and 164 hybridized strongly with probes
prepared from total RNA isolated from cells incubated under
both conditions. Clones 7 (which contains a fragment present
in DNA from both Q8r1-96 and Q2-87) and 164 hybridized
significantly more strongly with the probe prepared from cells
grown in vitro than that from cells exposed to roots (Fig. 3).
Thus, at least some of the cloned fragments contain highly
expressed genes, and these genes are differentially expressed
under the growth conditions examined.

Variable root colonization has been a major impediment to
the use of beneficial bacteria for plant growth promotion and
biological control. New approaches are needed to enhance the
population densities of introduced bacteria and the longevity
of those populations in the rhizosphere. P. fluorescens strain
Q8r1-96 demonstrates a level of rhizosphere competence not
previously reported (23). The differences between the two
strains analyzed in this study may provide insight into novel
genes that contribute to the superior rhizosphere competence
of P. fluorescens Q8r1-96 and other genotype D strains.

Nucleotide sequence accession numbers. The nucleotide
sequences of SSH fragments 6, 28, 53, 58, 61, 64, 80, 85, 101,
127, and 164 have been deposited in GenBank under acces-
sion numbers AF461160, AF461727, AF461728, AF461729,
AF461161, AF461730, AF461723, AF461724, AF461731,
AF461725, and AF461726, respectively.

FIG. 3. Transcriptional analysis of subtracted fragment sequences
expressed by Q8r1-96 in vitro in LB broth or after exposure to plant
roots. Labeled cDNA obtained from Q8r1-96 grown in vitro or ex-
posed to plant roots were used to probe membrane filters with arrayed
SSH fragments. The levels of transcripts are expressed as arbitrary
units, and each value represents the ratio of the average volume of the
peak of a clone to the average volume of the peak of a phzAB control.
The phlD gene, which is known to be expressed both in vitro and in situ
(36), was included in the experiment as an additional control. Relative
levels of transcripts were analyzed with STATISTIX 7.0 (Analytical
Software) by standard analysis of variance. Mean comparisons among
experiments were made with Fisher’s protected least significant differ-
ence test at a P value of 0.05. Only clones SSH7, SSH80, and SSH164
consistently hybridized to radiolabeled transcripts. The transcript lev-
els of clones 7 and 164 differed significantly (P � 0.05) between RNA
samples obtained from cells grown in vitro (LB broth) or exposed to
roots of wheat (a, b).
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